The elaboration of titanium oxyhydroxide/manganese oxide composite on pure copper was made through a cathodic electrodeposition by local pH variations for depositing titanium oxyhydroxide and a cathodic reduction for depositing manganese oxide. The structural and morphological techniques [scanning electron microscopy (SEM) coupled with dispersive energy spectroscopy (EDS), X-ray diffraction (XRD) and glow discharge optical emission spectroscopy (GD-OES)], show that the films have a nodular structure with a co-distribution of titanium and manganese on the copper surface. The dispersion of the doping reagent, namely manganese oxide in the doped precursor titanium oxyhydroxide forming thereby the composite, is confirmed by XRD spectra by the low crystallinity of titanium oxyhydroxide and the absence of diffraction peaks relative to manganese oxide. The electrochemical behaviors of bare copper and copper surface modified by the composite were compared in 3% NaCl medium. The linear polarization and cyclic voltammetric curves show that copper substrate reacts as an antioxidant by preventing the composite oxidation even at very anodic potentials. The electrochemical impedance spectroscopy (EIS) proves that copper contributes through its passive behavior, to the improvement of the stability of the composite over time in chloride medium.
Introduction
A composite material is an artificial assembly of at least two different elementary components. The new heterogeneous material thus formed has unique characteristics which depend on the properties of its constituents and the way of their assembly. Composite type oxide/oxide has been the subject of various researches due to its interesting properties of high fatigue strength and high temperature and oxidation resistance [1] .
The development of TiO 2 /MnO 2 composite has been the topic of several scientific papers. The diversity of its elaboration methods as well as its morphology reflects well its wide range of applications. Core/shell TiO 2 /MnO 2 structure synthesized by atomic layer deposition (ALD) coupled with electrodeposition for the preparation of TiO 2 and MnO 2 respectively provided high specific capacitances and good electrical conductivity [2] while crystalline TiO 2 /MnO 2 films developed by anodizing titanium foil in an electrolyte mixture containing potassium permanganate showed interesting photocatalytic properties [3] . In addition, TiO 2 /MnO 2 nanotube/spheres prepared by Sequential Chemical Bath Deposition (SCBD) revealed energy storage performance [4] whereas mesoporous TiO 2 /MnO 2 composite synthesized by sol-gel method showed excellent absorption properties in the visible light region [5] . Also, TiO 2 /MnO 2 powder prepared by precipitation from aqueous solutions of Mn (NO 3 ) 2 and TiCl 4 revealed a good sorption ability towards strontium and uranium [6] when TiO 2 /MnO 2 films formed on stainless 1 3 steel by electrophoretic deposition from a bath containing TiO 2 and MnO 2 particles revealed advanced functional properties [7] .
Among these methods, the elaboration of TiO 2 /MnO 2 composite purely by electroplating hasn't yet been used despite its success in depositing each of these oxides separately on different substrates. Amorphous TiO 2 films and nanoporous MnO 2 structure were formed apart by cathodic electrodeposition on indium tin oxide ITO [8] and stainless steel SS [9] respectively. Generally, the electrodeposition of semiconducting metal oxides is carried out often on non-oxidizable substrates (ITO, SS, vitreous carbon) but uncommonly on oxidizable electrodes such as copper, ordinary steel in order to study exclusively deposit properties.
The originality of this work consists on the one hand in the choice of electroplating as a method and pure copper as a substrate for the deposition of an oxyhydroxide/oxide composite TiO(OH) 2 /MnO 2 and on the other hand in the study of the effect of this deposit on the electrochemical behavior of copper in 3% NaCl medium.
The aims of this study are:
-Copper surface modification by electrochemical elaboration of a composite based on titanium oxyhydroxide doped with manganese oxide, the doping is used to reform the porosity formed by the non-uniformity of titanium oxyhydroxide deposited first on copper. -Exploitation of the various morphological and structural data in order to understand the electrodeposition mechanism of titanium oxyhydroxide alone and doped with manganese oxide on pure copper and to confirm and justify the dispersing power of manganese oxide. -A study of the electrochemical activity of bare copper in 3% NaCl in order to better understand and explain the electrochemical behavior of copper surface modified by titanium oxyhydroxide/manganese oxide composite.
Experimental conditions

Materials
The metal substrate is a pure copper (99.99%) coated in a chemically inert resin in order to obtain active and reproducible surfaces (of 1 cm 2 surface area). For the study of the physicochemical properties, the samples used are copper plates with a well-defined active surface area. The edges and the rest of the plate are covered with a "unimask" which is an inert, impermeable and waterproof polymer in the pH zone (0-10). Copper metal surface underwent a mechanical mirror polishing with an automatic polisher using various grades of SiC abrasive papers (from 1000 to 2400) and then cleaned with demineralized water and finally dried with an absorbent paper.
The electrochemical cell includes three electrodes: a working electrode (Copper substrate), an auxiliary electrode (platinum rod of 1 cm length) and a reference electrode.
During electrodeposition, the reference electrode is a saturated sulfate electrode SSE (Hg/Hg 2 SO 4 , K 2 SO 4 sat), whereas during the electrochemical tests, this electrode is replaced by a saturated calomel SCE electrode (Hg/Hg 2 Cl 2 , KCl sat). In fact, the diffusion of chloride ions from the calomel electrode during the electrochemical tests has no effect since the electrolytic medium used is sodium chloride NaCl whereas, during electrodeposition, an amount of Cl − ions, considered as aggressive for the copper substrate, can diffuse from the ion-permeable porous disc of the saturated calomel electrode. This disturbs not only the faradic reactions responsible for the formation of titanium oxyhydroxide and manganese oxide films but essentially the initial state of the copper substrate. It is true that pitting corrosion is manifested as well in the presence of chloride as of sulfate or nitrate but the aggressiveness of these ions, translated by the pit germination rate, increases in the order: chloride, sulfate, nitrate [10] . In addition, chloride ions have a high power of penetration into the oxide and oxyhydroxide films given its small size and slow mobility, its action is independent of the associated cation Na + [11] . Therefore, it's more judicious to use a sulfate electrode during electroplating instead of a calomel electrode.
Optimization
The quality of titanium oxyhydroxide films depends on several factors: imposed potential, time of deposition, presence or absence of sulfuric acid, pH of electroplating bath and temperature. Also, the quality of manganese oxide films builds upon two factors; imposed current and electroplating time.
A complete factorial plan was carried out to fix the optimal conditions for electrodeposition of titanium oxyhydroxide on pure copper (Table 1) and manganese oxide on titanium oxyhydroxide films already formed on copper (Table 2) using NEMROD software program (L. P. R. A. I, Marseille, France).
Electroplating Conditions
The electrodeposition of TiO(OH) 2 /MnO 2 composite films on pure copper were carried out in two successive steps from two separate aqueous solutions of titanium oxysulphate TiOSO 4 [8, 12] whereas manganese oxide electroplating on titanium oxyhydroxide films was achieved in an aqueous solution of 20 mmol L −1 manganese permanganate [9] .
The solutions were prepared from Aldrich grade reagents and distilled water.
We should note that the electrodeposition of TiO(OH) 2 and MnO 2 films on pure copper can also be achieved, using the same electroplating solution but the physicochemical proprieties of the composite and its electrochemical response are much better by operating in two different electrolytic baths.
Two different electrodeposition techniques were used intentionally for the composite formation on the pure copper : Titanium oxyhydroxide films are obtained by chronoamperometry; the potential between the working electrode and the reference is kept constant -1852 mV/SSE using a Potentiostat-Galvanostat PGZ-402. The current density variations of the working electrode are recorded as a function of time throughout the duration of the deposition fixed to 1 h. Indeed, the imposed potential allows the reduction of nitrate ions NO 3 − , found abundantly in the electrolytic bath thus promoting the production of hydroxide ions OH-, which by reacting with titanyl ions TiO 2 + generates the formation of titanium oxyhydroxide. It is, therefore, more preferable, to highlight the transient phenomena of nucleation and then crystalline growth in a liquid medium, to draw curves I = f (t) at a constant potential. While manganese oxide deposits produced on titanium oxyhydroxide films are obtained by chronopotentiometry by maintaining fixed the current density flowing between the working electrode and the counter-electrode (− 2 mA cm −2 ). The variations in the working electrode potential are recorded as a function of time throughout the duration of the deposition fixed to one hour. In fact, manganese oxide is used as a doping reagent to reform the imperfections of the first deposit of titanium oxyhydroxide (doped material) which encounters the risk of dissolution in the manganese oxide electroplating solution, either because of the species present in the bath or because of the current imposed for the reduction of permanganate ions. It is, therefore, judicious to perform the electroplating of manganese oxide by chronopotentiometry E = f (t) at imposed current in order to evaluate the number of reactions occurring at the working electrode and to identify the phenomena of dissolution/passivation that can be present at the copper surface.
Analytical and Electrochemical Techniques
Several surface analysis techniques have been used to study the physicochemical and morphological properties of titanium oxyhydroxide, manganese oxide, and composite films.
The purpose of the Scanning Electron Microscope (SEM) coupled with Dispersive Energy Spectroscopy (EDS) is to obtain information about the morphology and the chemical composition of deposits. The type of apparatus used for our study is a MEEL JOEL 5410 LV equipped with an EDS CDUTM LEAPTM detector. The electron microscope operates under a beam of accelerated electrons under a voltage of 24 keV.
X-ray diffraction was used to identify the crystal structure of the formed deposits. The instrument used is an X-Ray D8 diffractometer (Advance Brucker) equipped with a copper anode. The radiation applied to the sample is of the Cu Kα type with a wavelength of 0.154 nm.
Glow discharge optical emission spectroscopy (GD-OES) is used to determine the dispersion profiles of various elements (titanium, copper, manganese, and oxygen) present in the elaborated composite. The monitoring of the evolution of elements in the coating is carried out from the extreme surface to the deposit/substrate interface. The instrument used is Jobin-Yvon GD. The copper area used is 4 cm 2 in an Argon atmosphere as an ionizing gas. The carrier gas is a flow of nitrogen. In addition, the pressure and power are set at 650 Pascal and 30 Watts, respectively.
The electrochemical tests were carried out in an aerated aqueous solution containing 3% NaCl, maintained at room temperature and without stirring. The choice of sodium chloride as an electrolytic solution is based on its simple chemical composition, which allows a better understanding of the electrochemical processes that may occur on the working electrode, especially that copper substrate undergoes passivation under anodic polarization in this medium.
The electrochemical behavior was studied on the one hand by recording E oc = f (t) curve (where E oc is the open circuit potential) for 1 h of stabilization and on the other hand, by plotting the polarization curves with linear scanning from cathodic potential E cath = − 300 mV to anodic potential E anod = + 500 mV/SCE with a scanning rate of 1 mV/s. The obtained composite was evaluated by electrochemical impedance spectroscopy (EIS) at various times of immersion in 3% NaCl solution. The modeling of the impedance diagrams was carried out by the Equivalent Electric Circuit (EEC) model, using a ZSimpWin software. For measurements, the frequency ranges from 65 kHz to 10 mHz with 10 points per decade. The sample was polarized to ± 10 mV around its open circuit potential.
Results and Discussions
Coatings Structure
The SEM micrographs of titanium oxyhydroxide TiO(OH) 2 , manganese oxide MnO 2 and their mixed composite TiO(OH) 2 /MnO 2 films electrodeposited on pure copper are shown in Fig. 1 .
It appears that titanium oxyhydroxide film has a coarse nodular morphology whose nodules accumulate in the form of islands separated by grooves which reveal the bare substrate (images a and b) whereas manganese oxide has a very fine nodular structure with large cracks; the diameter of the spherical grain is on the order of nm (images c and d). We should note that copper was not analyzed by SEM analysis because it's easy to detect it even in the presence of the composite coating due to its powdery appearance and its heterogeneous and partial distribution on the copper surface.
The composite film has also a nodular structure, like those observed in the SEM images of titanium oxyhydroxide and manganese oxide films electrodeposited separately on copper, but with the presence of two types of particles; spherical particles P 1 on the order of μm and white grains P 2 in size close to nm. The EDS analysis of these two types of particles ( Fig. 2) shows that the former are manganese compounds probably MnO 2 (32.5% Mn and 64.5% O) whereas the latter contain mainly titanium (17.9% Ti and 76.5% O).
The EDS spectrum of titanium oxyhydroxide (a) and mixed composite (zone P 3 ) (b) electrodeposited on pure copper are studied (Fig. 3) .
By comparing the two spectra, we note that the presence of titanium and manganese with atomic percentages of 11.2 and 13.7% respectively confirms that this is indeed a composite deposit with co-distribution of these two elements on the copper surface. Also, the composite spectrum detects copper peaks, this being in agreement with its SEM micrographs characterized by a micrometric thickness and a high porosity.
It should be reminded that the experimental conditions adopted, during the development of TiO(OH) 2 /MnO 2 composite, were well optimized (Tables 1, 2) , so the ratio Ti/ Mn obtained by EDS analysis corresponds to the best electrochemical performances. Indeed, for the deposition time factor, it has been found that prolonged deposition favors the formation of multilayers of oxides and oxyhydroxides of nodular morphology and of extremely pulverulent appearance, which reduces their adhesion to the copper surface, thus affecting their electrochemical performance.
X-ray diffraction was used to characterize the crystal structure of deposits. The XRD spectra of titanium oxyhydroxide, manganese oxide, and mixed composite are grouped in Fig. 4 .
The low crystallinity of TiO (OH) 2 /MnO 2 deposit and its small thickness favor the appearance of characteristic diffraction peaks of pure copper in the composite spectrum, so no XRD analysis was performed on the substrate.
The spectra of deposits reveal besides high-intensity copper peaks some other peaks with very low intensity (present mainly in the zoomed area) related to the presence of Ti-O and Mn-O bonds in the chemical formula of the composite. The low intensity of diffraction peaks in the composite is the cause of a decrease in the crystallinity of titanium oxyhydroxide following the incorporation of manganese oxide into its imperfections [5] created during its deposition on the copper surface.
Moreover, no manganese oxide diffraction peaks are observed in the composite, which confirms its amorphous structure and its uniform dispersion on titanium oxyhydroxide surface. It's not possible that other manganese compounds are deposited. Indeed, in the chronopotentiograms relating to the electroplating of manganese oxide on bare and coated copper (curves not shown), the reduction of MnO 4 − ions occurs at very cathodic potentials and with an increase of pH. These results show that the redox couple involved cannot be MnO 4 − /Mn 2+ because, if it's the case, Mn 2+ is expected to precipitate in the form of hydroxide Mn (OH) 2 with the absence of free OH − ions in solution (practically neutral pH). Moreover, the stable phase at 25 °C (optimized temperature) remains manganese dioxide MnO 2 and that the transition to other varieties of oxides will be achieved by heating and oxygen loss.
We used glow discharge optical emission spectroscopy (GD-OES) under ion bombardment to determine the dispersion profiles of various elements (titanium, manganese, oxygen, and copper) present in titanium oxyhydroxide, manganese oxide and composite films electrodeposited on pure copper (qualitative analysis). The concentration of each element (in mass or atomic percentage) as a function of the depth and especially the thickness of the crossed layers formed on the copper substrate can also be determined (Fig. 5) . The monitoring of elements evolution in the coatings is carried out from the extreme surface to the deposit -substrate interface.
The dispersion profile of composite deposit records initially the presence of a surface layer consisting essentially of manganese and oxygen with a low percentage of titanium. The appearance of copper substrate begins in the first few seconds of erosion, this being explained by the thin film thickness, which is on the order of 0.2 μm.
The qualitative analysis reveals the presence on the copper surface of oxygen, titanium, manganese, and hydrogen having the same dispersion profiles, which confirms the composite aspect of the deposit formed on the pure copper. The quantitative analysis permits to determine the thickness as a function of the mass percentage. In our case, it has been found that titanium oxyhydroxide deposited alone on copper has a thickness of 1 μm whereas the composite has a much smaller thickness of 0.2 μm (Fig. 5 ).
Electrodeposition Mechanism of Titanium Oxyhydroxide and Titanium Oxyhydroxide/ Manganese Oxide Composite on Pure Copper
The preparation of electroplating solution for titanium oxyhydroxide deposit is quite delicate. The addition of reagents should be done in a specific order [8, 12] .
Step 1: formation of peroxo-titanium complex As soon as hydrogen peroxide H 2 O 2 is added to the white powder of titanium oxysulphate TiOSO 4 , an orange color appears immediately characteristic of peroxo-titanium complex TiO 2 SO 4 formation [13, 14] .
Titanyl ions complexing is achieved to decrease their reduction rate, to obtain more homogeneous films and also to prevent their reduction to titanium with oxidation degrees Ti (0) or Ti (+ III).
Step 2: Acidification Since TiOSO 4 is prepared according to the sulfate process which involves an amount of free acid, the addition of sulfuric acid is paramount. Indeed, on the one hand, it increases the miscibility of the solution and consequently
Fig. 2 EDS spectrum of P 1 (a) and P 2 (b) particles present in the mixed composite promotes dispersion of titanyl ions which facilitates their complexation by hydrogen peroxide and, on the other hand, prevents the formation of titanium hydroxides by operating at acid pH.
Step 3: addition of nitrate ions An excess amount of potassium nitrate is added to the electroplating bath. It is essentially NO 3 − ions that are involved during electrolysis. In fact, their reduction at more cathodic potentials than − 1500 mV/SSE produces hydroxide ions [15, 16] .
It should be noted that hydroxide ions can also be produced by reduction of water and dissolved oxygen [16, 17] .
The release of OH − ions increases the pH near the working electrode, thus promoting the formation of a white gel of titanium oxyhydroxide TiO (OH) 2 according to:
The deposition reaction that occurs is as follows:
The order of addition of reagents in the bath is therefore very important. Indeed, the peroxo-titanium complex, formed between TiOSO 4 and H 2 O 2 , reacts with OH − ions, resulting from the reduction of NO 3 − ions, to form titanium oxyhydroxide gel TiO(OH) 2 .
Unlike titanium oxyhydroxide formation mechanism, which is a cathodic electrodeposition by local increase of pH near the working electrode, the formation of manganese oxide above the first deposit of titanium oxyhydroxide is carried out by direct reduction of permanganate ions MnO 4 − according to the following reactions [18] :
The intense hydrogen evolution near the working electrode is always present during the formation of deposits on pure copper. Indeed, the potential and the current imposed for the electrolytic deposition of titanium oxyhydroxide and manganese oxide respectively promote parasitic reactions of H 2 electrogeneration according to reactions (4) and (11) [16] . The instability of current density measured in the chrono-amperometric curve relating to titanium oxyhydroxide formation showed well the slowness of growth stage of TiO (OH) 2 first germs and their recovery (curve not shown).
Unlike metal alloys where a stability of current density is recorded which reflect that ions diffusion in solution becomes the limiting step of film growth reaction, titanium oxyhydroxide film formed is non-passive because of the high value and the non-stability of the recorded residual current.
Hence, the necessity of depositing manganese oxide MnO 2 in order to repair imperfections and pores resulting from the non-uniformity of titanium oxyhydroxide films already formed on pure copper. The choice of manganese oxide is based on its important electrochemical and magnetic characteristics and especially its nanometric dimension (demonstrated above by XRD). All these properties facilitate its incorporation in titanium oxyhydroxide film thus promoting the formation of a composite coating on pure copper based on titanium and manganese.
The electrochemical preparation of composite deposit on pure copper can be summarized into two steps; a step of titanium oxyhydroxide nucleation followed by an interaction between the doping material, namely manganese oxide and titanium aggregates [5] . These two steps are clearly identified by a change in deposits color from a white titanium oxyhydroxide to a brown composite [19] .
In fact, oxygen acquires a more negative charge in titanium oxyhydroxide than manganese oxide since the electrons are less retained by Ti 4+ (greater ionic radius and lower electronegativity than Mn 4+ ). The incorporation of manganese oxide into pores and imperfections, created by the non-uniformity of the first deposit TiO (OH) 2 , takes place according to an electrostatic interaction where Mn 4+ ions (derived from MnO 2 ) are adsorbed onto copper coated surface forming an Mn-O-Ti system [5] . In uncoated copper areas, manganese is in the form of an oxide MnO 2 (composition of P1 particles in Fig. 2.a) .
The presence of titanium and manganese in the EDS spectrum of composite deposit with constant atomic percentages of 11.2 and 13.7% respectively confirms the good dispersion of manganese oxide (precursor dopant) in titanium oxyhydroxide (doped material) [5, 19, 20] .
Electrochemical Behavior
Linear Polarization Curves
To study the electrolytic behavior of copper coated by titanium oxyhydroxide/manganese oxide composite, the free potential was first recorded for 1 h in 3% NaCl medium. The results are summarized in Table 3 .
Generally, the potential evolves in the following increasing direction:
E oc (titanium oxyhydroxide) < E oc (bare Cu) < E oc (titanium oxyhydroxide/manganese oxide)
This demonstrates the anodic power of manganese oxide for titanium oxyhydroxide electrodeposited first on pure copper. Indeed, the free potential of composite coating present more noble values. In addition, we observe that a high potential margin of 80 mV/SCE is verified between the elaborated films of titanium oxyhydroxide and the composite.
To better understand the effect of composite film on the electrochemical activity of copper, the anodic behavior of bare copper (1 cm 2 active area) in sodium chloride solution after 1-h stabilization was first studied (Fig. 6) .
The linear polarization curve of bare copper in 3% NaCl is divided into 5 zones: -Zone 1 corresponding to an increase in anodic current marking the beginning of copper dissolution in monovalent ion Cu + (E° (Cu + /Cu) = 521 mV/SHE [21] ). -Zone 2 corresponding to cuprite Cu 2 O formation peak which can be also divided into two parts: -The first part corresponds to a progressive and significant increase in current due to the rapid formation of a CuCl film resulting from the precipitation of a part of cuprous ions Cu + in chloride medium [22] (Ks = 1.85 × 10 −7 in water at 25 °C [23] ). This CuCl film is nonpassive since it is soluble in chloride medium. -The second part corresponds to a reduction in current density proving the formation of a Cu 2 O passivation layer formed on the copper surface, which is more or less blocking for the passage of current. -However, regardless of the composition of this Cu 2 O passivating layer, it is unstable in NaCl medium. -Zone 3 related to an increase in current corresponding to copper dissolution in bivalent ion Cu 2+ (E° (Cu 2+ / Cu) = 337 mV/SHE [21] ). -The decrease in the subsequent current results from the formation of a passive layer of copper oxide CuO. -Zone 4 where the current density increases due to the depassivation of cuprous oxide film CuO observed especially at low local pH [24] or to oxygen evolution and metal oxidation. -Zone 5 where the measured current density is vibratory and unstable corresponding to the transpassivation domain which is a deep pit; the value of current density becomes lower when the pit is deeper.
The polarization curves of bare copper, titanium oxyhydroxide and, composite films are plotted after 1 h of stabilization in chloride medium (Fig. 7) .
The coulombic ratios R 1 and R 2 required for the production of copper oxides Cu 2 O and CuO respectively during the linear (Table 4 ) from the following equations: Q 1BC and Q 2BC are the electrical quantities required to produce respectively copper oxides (I) and (II) for a given time, they correspond to the charge quantities of the 2 peaks obtained from the linear polarization curve of bare copper BC. Q 1 and Q 2 correspond to the amounts of total electrical quantities for peaks 1 and 2 respectively passing through the cell during the same time; they are deduced from the linear polarization curves of coated copper.
The coulombic ratio is equal to one if the formation reaction of each oxide takes place alone on the electrode surface; this is observed with bare copper. However, it may
be greater than one in the coulombic ratio R 1 required for cuprite formation. When several reactions occur simultaneously at the electrode/solution interface, the ratio is usually less than one. The coulombic ratio required for cuprous oxide formation in copper coated with the composite is very low which confirms the presence of another oxidation reaction on the copper surface.
To better understand the origin of these oxidation reactions whether they are related to the substrate or to some species of titanium oxyhydroxide or manganese oxide deposits, we proceed by plotting cyclic voltammetric curves of bare and coated copper in 3% NaCl medium (Fig. 8) .
The cyclic voltammetric curve of bare copper in 3% NaCl reveals the presence of two anodic peaks at − 15.2 and 141.5 mV/SCE; the first one is related to the formation of the CuCl film [25] and the Cu 2 O passive layer.
The second anodic pic is related to the oxidation of Cu 2 O and the formation of soluble cuprous ions Cu 2+ and cuprous oxide CuO given that the pH is less than 7 [26] . This peak is followed by a high-intensity current level and a very large ). Anodic scan from − 300 to 1500 mV/SCE. Cathodic scan from 1500 to − 1500 mV/ SCE. Scanning rate 1 mV/s hysteresis loop confirming a process of depassivation of films formed on the copper surface during the anodic scanning [27] .
For the cathodic region, two reduction peaks were observed. The main one at − 176.9 mV/SCE corresponds to the reduction of soluble copper (8) and copper chloride films and the second one with lower intensity at − 1309 mV/ SCE is attributed to the reduction of copper oxides (II), such as CuO, Cu (OH) 2 and Cu 2 (OH) 3 Cl [26] formed above cupric oxide Cu 2 O which also undergoes a reduction. The low intensity of this peak is attributed to the small amount of copper oxides formed during a short immersion time in chloride medium [25] .
By comparing the cyclic voltammetric curves of bare and coated copper, three important points are deduced:
-First, the presence of a cross (Zone A) between the anodic and cathodic curves in bare copper and copper coated by manganese oxide and by the composite confirms the presence of a nucleation process and a new phase formation which leads to a change in the surface condition of the electrode [28] . In other words, the processes of formation of the passivation layers of cuprite Cu 2 O and tenorite CuO on bare copper are interdependent [29] and successive in the same way for the dispersion of manganese oxides in the pores of titanium oxyhydroxide.
Whereas the formation of titanium oxyhydroxide on copper is carried out alone and independently of other secondary reactions, this explains the absence of cross-linking in its cyclic voltammetric curve.
Second, an attenuation of Cu 2 O formation peak in the case of coated copper is explained by a decrease in the number of adsorption sites of Cl − ions on copper surface due to the electrodeposits, but these films do not cover completely copper active surface resulting in a decrease in the intensity of this anodic peak instead of its removal. In addition, the intensity of this peak is very low in the case of copper coated with manganese oxide and with the composite material, this being related to the aspect of these deposits, which are more covering than titanium oxyhydroxide.
Finally, an increase in the intensity of CuO peak formation of coated copper shows the presence of another oxidation reaction, which does not involve the species forming the deposits.
Indeed, titanium oxyhydroxide and the mixed composite react only on reduction:
For titanium oxyhydroxide, Cl − doesn't complex TiO 2+ , which doesn't lead to the dissolution of titanium oxyhydroxide. This deposit remains passive in chloride medium. In addition, the oxidation state of titanium in the deposit is the highest (+IV) so it can be only reduced at − 194 mV/SCE to Ti 3+ according to reaction (14, 25) [30] .
For manganese and composite deposits, copper behaves as anode while manganese oxide is the cathode, which undergoes reduction, by following an adsorption/desorption mechanism on copper surface, with the alkaline cations Na + or hydrated protons H + present in the electrolyte according to the following reactions [31] :
The insertion/extraction process occurs essentially with the crystal structures of manganese oxide and since the deposits are rather amorphous (result demonstrated by XRD analysis above), the reduction then follows an adsorption/ desorption process [31] .
Therefore, the increase of tenorite peak is connected only to the substrate. In fact, cuprous chloride CuCl formed at the beginning of the linear sweep undergoes oxidation at more positive potentials between 207 and 272 mV/SCE to release either Cu 2+ ions or to promote the formation of copper hydroxides and carbonates according to reactions (17) and (18) [27] .
These results show the antioxidant power of copper for composite deposit. In other words, copper reacts with oxidizing agents present in the electrolytic medium NaCl essentially oxygen and chloride by preventing them from reacting with the composite which remains electropassive in oxidation but changes morphology after cathodic scanning, following the reduction of TiO 2+ to Ti(III) and the formation of MnOONa and MnOOH according to an adsorptionreduction mechanism.
Manganese oxide and titanium oxyhydroxide coatings exhibit an electropassivity in oxidation to initiate exclusively copper oxidation at anodic potentials. This behavior is similar when oxides and oxyhydroxides were employed in the development of a high-active 3D catalyst electrode for water oxidation in alkaline media [32] [33] [34] [35] . composite film after one hour of immersion in 3% NaCl are presented in Fig. 9 . Impedance diagrams show a capacitive behavior. Two equivalent electrical circuits were used for impedance modeling; the first one of two-time constants but since the capacities found did not belong to the usual margin and the error obtained was so high that this circuit hadn't been taken into consideration. For this reason, we have been satisfied with a single-time-constant circuit assigned to a charge transfer process with a modeling error, which does not exceed 10 −3 (Fig. 10) .
Electrochemical
The equivalent electrical circuit used (Fig. 10 ) includes the electrolyte resistance Re connected in series with a constant phase element CPE (Q, α) which reflects the heterogeneity and roughness of copper surface coated with TiO(OH) 2 /MnO 2 composite. This non-ideal capacitance Q is that of the double layer which is connected parallel to the charge transfer resistance Rct.
It should be noted that the order and the manner of connection (in series or in parallel) of different electronic component depend on the order in which the various physical phenomena take place (electrolyte resistance, electrical double layer, and charge transfer).
For successful modeling, a way to verify the validity of the equivalent electrical circuit is to determine graphically the values of different electrochemical parameters.
Graphical Methods
Determination of Resistance Values
The values of electrolyte resistance Re and Rct resistance corresponding to Z 0.01Hz can be determined by graphical method. The horizontal high-frequency asymptote of Zr = f(Log(freq)) curve ( Fig. 11 ) is used to determine graphically the electrolyte resistance value 8.8 Ω cm 2 which is comparable to that obtained by impedance modeling 7.9 Ω cm 2 . Due to the absence of a horizontal asymptote at low frequency, we can't confirm graphically Z 0.01Hz value obtained by modeling.
Determination of Qeff and α Values
According to impedance modeling, we note the presence of a CPE behavior attributed to the heterogeneity of the coated copper surface. The α coefficient which translates the deviation from the ideal system (α = 1) represents the slope of Log lZjl = f (Log (freq)) curve (Fig. 12) .
We plot Qeff = f (Log (freq)) curve ( Fig. 13 ) using the following equation [36] :
The horizontal asymptote gives Qeff value for α = 0.70. To better interpret the double layer capacitance value, it's necessary to pass from Qeff (Ω −1 cm 2 s α ) to Ceff (F cm −2 ) using the equation [37] :
We compare in Table 5 the electrochemical parameters Re and Q estimated from the adjustment of impedance diagrams and deduced by graphical methods. Impedance diagrams (Nyquist and Bode) follow the same pattern during immersion time, which justifies the use of the same equivalent electrical circuit adapted for modeling impedance diagrams of 1 h of immersion (Fig. 10) . The same methodology was used to calculate the electrochemical parameters by graphical methods. The results are grouped in Table 6 .
According to impedance diagrams, we distinguish between two zones: -An area where the charge transfer resistance progressively increases from 3000 to 9000 to 16,000 Ω cm 2 for an immersion time of 1 h to 3 days to 7 days respectively due to the presence of a composite film on the copper surface.
-An area where the charge transfer resistance reaches a constant and high value, there is a change in copper surface, the film becomes more resistant. This optimum value achieved indicates an effective protection marked by a stability of the composite electrodeposited on pure copper; the film imperfections have been colmatated by copper oxides, which makes the surface more resistant within 3 days.
The increase in the size of impedance diagrams is not related to the composite formed on copper but undoubtedly to the passive behavior of the substrate during immersion in NaCl medium. In fact, bare copper undergoes a continuity of transformations in the presence of chloride ions to form copper oxides I and II which blocks the pores present in TiO(OH) 2 /MnO 2 composite. This result explains the increase of the double layer capacitance during immersion time.
The morphology of the composite deposit is closely related to the composition of the medium in which it's located and the electrochemical tests to be applied. For electrochemical impedance spectroscopy, the composite, immersed over time in NaCl solution, preserves its nodular morphology, characteristic of titanium oxyhydroxide and manganese oxide films, but some copper products such as nantokite CuCl, cuprite Cu 2 O, and atacamite CuCl (OH) 3 can be formed over time to colmatate the pores present in TiO (OH) 2 /MnO 2 composite without changing its structure.
The film composition formed during immersion will be well detected by the XPS surface analysis technique, which is a perspective in our work. Also, the morphology of copper surface modified by TiO(OH) 2 /MnO 2 composite after 216 h of immersion will be as well studied.
Conclusion
1. Titanium oxyhydroxide/manganese oxide composite was elaborated on pure copper in two separate baths where not only the method is changed but also the electroplating mechanism. Indeed, titanium oxyhydroxide is first formed on pure copper by chronoamperometry from an acidic sulfate bath; it is an electrodeposition mechanism by a local increase of pH near copper electrode resulting from the release of hydroxides due to the reduction of nitrate ions at imposed potential. Secondly, manganese oxide formation on copper, already coated with titanium oxyhydroxide, is carried out from an aqueous permanganate bath by direct reduction of permanganate ions. In uncoated copper areas, manganese oxide MnO 2 is formed while in the pores of TiO(OH) 2 , an electrostatic interaction between the two deposits leads to the formation of Mn-O-Ti system [5] .
The morphological analysis showed that TiO(OH) 2 / MnO 2 composite electrodeposited on pure copper has a 110 0.70 -nodular structure whose nodules accumulate in the form of islands separated by deep cracks. The EDS spectrum of this composite detects the presence of titanium and manganese with nearly similar atomic percentages 11.2 and 13.7% respectively, this confirms the co-distribution of these two elements and essentially of the doping precursor, namely manganese oxide. This result was well confirmed by the XRD spectrum of the composite, which reveals the absence of the crystalline phases; the amorphous structure of the composite is the proof of a good dispersion of manganese oxide in the pores of titanium oxyhydroxide elaborated first on copper. 1. The electrochemical activity of copper coated with TiO(OH) 2 /MnO 2 composite was studied in 3% NaCl medium. The linear polarization curve showed, on the one hand, a very great attenuation of cuprite formation peak and on the other hand, an increase in the intensity of cuprous oxide formation translated by a coulombic ratio less than 1 suggesting the presence of other oxidation reactions. Cyclic voltammetry shows that titanium oxyhydroxide and manganese oxide deposits react initially in reduction; titanyl ions reduce to Ti(III) while manganese oxide reduces with Na + and H + cations present in the electrolyte into MnOONa and MnOOH according to an adsorption-reduction mechanism.
The electropassive behavior in oxidation of titanium oxyhydroxide and manganese oxide showed well the antioxidant power of copper for the composite. In fact, copper reacts with oxidizing agents essentially chloride and oxygen ions to form a series of oxidation reactions forming Cu 2 O, CuO, CuCl, Cu(OH) 2 and Cu 2 (OH) 3 Cl.
The electrochemical impedance diagrams of the composite showed an increase in the charge transfer resistance and in the double layer capacitance during its immersion in chloride medium. This is due to copper passive compounds formed spontaneously in aggressive NaCl medium to colmatate the pores present in TiO(OH) 2 /MnO 2 composite film.
In this study, we have demonstrated the importance of copper (the substrate) as antioxidant and passivator on the improvement of the efficiency and stability of TiO (OH) 2 /MnO 2 composite (the coating) in chloride medium. 
